WC. Assessment of cardiac proteome dynamics with heavy water: slower protein synthesis rates in interfibrillar than subsarcolemmal mitochondria. Am J Physiol Heart Circ Physiol 304: H1201-H1214, 2013. First published March 1, 2013; doi:10.1152/ajpheart.00933.2012.-Traditional proteomics provides static assessment of protein content, but not synthetic rates. Recently, proteome dynamics with heavy water ( 2 H2O) was introduced, where 2 H labels amino acids that are incorporated into proteins, and the synthesis rate of individual proteins is calculated using mass isotopomer distribution analysis. We refine this approach with a novel algorithm and rigorous selection criteria that improve the accuracy and precision of the calculation of synthesis rates and use it to measure protein kinetics in spatially distinct cardiac mitochondrial subpopulations. Subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria (IFM) were isolated from adult rats, which were given 2 H2O in the drinking water for up to 60 days. Plasma 2 H2O and myocardial 2 H-enrichment of amino acids were stable throughout the experimental protocol. Multiple tryptic peptides were identified from 28 proteins in both SSM and IFM and showed a time-dependent increase in heavy mass isotopomers that was consistent within a given protein. Mitochondrial protein synthesis was relatively slow (average half-life of 30 days, 2.4% per day). Although the synthesis rates for individual proteins were correlated between IFM and SSM (R 2 ϭ 0.84; P Ͻ 0.0001), values in IFM were 15% less than SSM (P Ͻ 0.001). In conclusion, administration of 2 H2O results in stable enrichment of the cardiac precursor amino acid pool, with the use of refined analytical and computational methods coupled with cell fractionation one can measure synthesis rates for cardiac proteins in subcellular compartments in vivo, and protein synthesis is slower in mitochondria located among the myofibrils than in the subsarcolemmal region. deuterium; heavy water; heart; high resolution mass spectroscopy; proteome dynamics; proteomics TRADITIONAL PROTEOMIC ANALYSIS allows rapid identification and quantification of the relative amount of a large number of proteins; however, it does not quantify the rate of synthesis (23, 25) .
Recently, proteome dynamics with heavy water ( 2 H2O) was introduced, where 2 H labels amino acids that are incorporated into proteins, and the synthesis rate of individual proteins is calculated using mass isotopomer distribution analysis. We refine this approach with a novel algorithm and rigorous selection criteria that improve the accuracy and precision of the calculation of synthesis rates and use it to measure protein kinetics in spatially distinct cardiac mitochondrial subpopulations. Subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria (IFM) were isolated from adult rats, which were given 2 H2O in the drinking water for up to 60 days. Plasma 2 H2O and myocardial 2 H-enrichment of amino acids were stable throughout the experimental protocol. Multiple tryptic peptides were identified from 28 proteins in both SSM and IFM and showed a time-dependent increase in heavy mass isotopomers that was consistent within a given protein. Mitochondrial protein synthesis was relatively slow (average half-life of 30 days, 2.4% per day). Although the synthesis rates for individual proteins were correlated between IFM and SSM (R 2 ϭ 0.84; P Ͻ 0.0001), values in IFM were 15% less than SSM (P Ͻ 0.001). In conclusion, administration of 2 H2O results in stable enrichment of the cardiac precursor amino acid pool, with the use of refined analytical and computational methods coupled with cell fractionation one can measure synthesis rates for cardiac proteins in subcellular compartments in vivo, and protein synthesis is slower in mitochondria located among the myofibrils than in the subsarcolemmal region. deuterium; heavy water; heart; high resolution mass spectroscopy; proteome dynamics; proteomics TRADITIONAL PROTEOMIC ANALYSIS allows rapid identification and quantification of the relative amount of a large number of proteins; however, it does not quantify the rate of synthesis (23, 25) . Conventional methods for measuring the synthesis rate of protein involve administration of amino acids labeled with radioactive ( 3 H, 14 C) or stable ( 13 C, 2 H, 15 N) isotopes and assessing the incorporation into proteins (5, 35) . This approach is expensive and, in the case of stable isotopes, artificially elevates amino acid levels and perturbs normal protein metabolism. Recently, an alternative approach was introduced for measuring in vivo synthesis rates of individual proteins termed "proteome dynamics," where the precursor amino acid pool is labeled by administration of heavy water ( 2 H 2 O) (6, 10, 11, 16, 21, 31).
H O generates
2 H-labeled amino acids via transamination and/or de novo synthesis without perturbing the concentration of precursor amino acids (19) . This approach labels all newly synthesized proteins and enables measurement on a proteome scale. The synthesis rate for individual proteins is calculated from the rate of incorporation of 2 H into specific proteins, as assessed by mass spectrometry. Metabolic labeling with 2 H 2 O generates stable 2 H-labeled amino acids after 30 min in the liver, and time-dependent incorporation into plasma proteins (4, 21) . We have used this approach to quantify the rate of synthesis of plasma lipoproteins and acute response proteins under normal conditions and in response to dietary stress (21) .
In the present study we expand and refine this approach by using a high-resolution mass spectrometer (Orbitrap) and more robust and stringent analytical software to assess the rate of protein synthesis in the heart. We focused on mitochondrial proteins in the heart, as there is a great interest in understanding the dynamics of cardiac mitochondrial proteins in health and disease (1) . Cardiac mitochondria reside in two spatially distinct subpopulations: subsarcolemmal mitochondria (SSM) found along the perimeter of the cell and interfibrillar mitochondria (IFM) located between the myofibrils (27) . Functional differences between subpopulation of cardiac mitochondrial have been identified, with greater respiratory capacity and resistance to Ca 2ϩ -induced stress in IFM than SSM (2, 13, 26, 28) , suggesting that there may be differences in proteome dynamics between the two subpopulations (26) . Recent studies in mice used 2 H 2 O and simplified analysis of tryptic peptides in cardiac mitochondria isolated with a procedure that yields SSM and found an average protein half-life of 17 days (18) . A simple multi-parameter fitting approach was used to computationally determine the rate constants of proteins based on normalized intensities of peptide mass isotopomers, although stable enrichment of myocardial amino acids was not documented (18) . The goal of the present investigation was to develop a computational approach using a mass precision algorithm to improve the accuracy and precision of rate constant measurements and compare proteome dynamics between SSM and IFM. Thus we developed software that detects peaks, determines noise levels, and integrates peak areas. In addition, we used rigorous criteria for inclusion of each specific peptide in the analysis of the synthesis rate of the parent protein by requiring both an R 2 value less than 0.95 for curve fit to the data and a coefficient of variation less than 30% for the rate constants. Together, this approach improves data analysis quality and enables greater accuracy in kinetic measurements. Second, we performed an extensive analysis of myocardial amino acids to validate the assumption that there is stable incorporation into the precursor pool. Third, we applied this approach to evaluate differences between IFM and SSM in the rate of synthesis of individual proteins in normal rats. Furthermore, we assessed the synthesis rate for mitochondrial proteins in liver, a tissue with active cell turnover and a high mitochondrial content.
MATERIALS AND METHODS
HPLC grade solvents for nano-flow liquid chromatography and sample preparation were purchased from Fluka (Milwaukee, MO). Pure standard of N- (9- 
]-Fmoc-alanine)) was purchased from Cambridge Isotope Laboratories (Andover, MA; purity Ͼ 98%). The peptides YLYEIAR and [2- 2 H]alanyl-YLYEIAR were synthesized by using a solid-phase method in the Cleveland Clinic Molecular Biotechnology Core on a 396 52 Peptide Synthesizer (Advanced Chem Tech, Louisville, KY) (16) . The molecular weights of purified unlabeled (927.5 Th) and labeled (928.5 Th) peptides were verified by mass spectrometry, and [2- 2 H]alanyl-YLYEIAR was found to have 98% isotopic enrichment. All other chemicals and peptides were from Sigma-Aldrich (St. Louis, MO). The calibration samples were prepared by adding increasing amount of [2- 2 H]alanyl-YLYEIAR to the constant aliquots of unlabeled YLYEIAR.
Experimental Design
Adult male Sprague-Dawley rats were delivered from a commercial vendor at 12 wk of age (Harlan, Indianapolis, IN) and provided free access to food and water. All rats were maintained for 9 wk in the facility and were euthanized at 23 wk of age. The general scheme for the experimental approach is presented in Fig. 1A . Rats received a loading dose of 2 H2O saline solution (20 l/g body wt ip) and had free access to drinking water enriched with 2 H2O (5%) and food. Animals were maintained on 5% 2 H2O for 60, 40, 20, or 3 days with two rats at each time point. For tissue harvest, rats were placed in a chamber and anesthetized with 5% isoflurane in oxygen to induce deep general anesthesia. The animal was removed, anesthesia maintained by mask (isoflurane at 2-4%), and the heart was rapidly exposed by thoracotomy. Blood was drawn by cardiac puncture, and the heart rapidly removed. The left ventricle was dissected from the right ventricle and atria, and mitochondrial subpopulations were immediately isolated from the left ventricle as described below (Fig. 1A) . The liver was removed and frozen for later mitochondria isolation. 
Measurement of Plasma Water Deuterium Enrichment
Enrichment of plasma water with deuterium ( 2 H2O) was measured by the acetone exchange method using a gas chromatography-mass spectrometry (GC-MS) setup (33, 36) . This method is based on the isotopic exchange between the hydrogens of water and of acetone in alkaline medium (pH ϭ 12 to 13). Briefly, 5 l of plasma was incubated with 2 l of 10 M KOH, and 5 l of pure acetone in a GC vial at room temperature for 4 h. Acetone from the headspace was directly injected (1 l) for GC-MS analysis. Acetone was analyzed using electron impact ionization and selected ion monitoring at ions m/z 58 (M0), 59 (M1), and 60 (M2). The plasma samples were analyzed in parallel with the calibration curve samples containing from 0 to 5% 2 H2O. The regression equation of the calibration curve was used for the calculation of 2 H2O in plasma samples.
Measurement of Amino Acids Deuterium Enrichment
2 H-labeling of free amino acids in myocardium was analyzed as described previously (21) . Briefly, 0.05-0.07 g heart tissue samples were homogenized in 1 ml of 6% formic acid. After centrifugation the supernatants were diluted with two volumes of water and loaded on an ion-exchange column (AG 50W-X8 resin, hydrogen form). After the column was washed with water (5 ml), amino acids were eluted with 4 N ammonium hydroxide (5 ml). The eluent was dried, and the residue was derivatized with 80 l of bis(trimethylsilyl)trifluoroacetamide ϩ10% trimethylchlorosilane (Pierce). The trimethylsilyl derivatives of amino acids were analyzed using GC-MS. The 2 H-enrichment of amino acids was determined by using electron impact ionization (70 eV) and selected ion monitoring using ions listed in the Table 1 .
Mitochondrial Isolation
The two subpopulations of cardiac mitochondria, SSM and IFM, were isolated as described previously in detail (17, 24) . Briefly, left ventricular (LV) tissue was minced and homogenized in 1:10 cold modified Chappel-Perry buffer containing 100 mM KCl, 50 mM MOPS, 5 mM MgSO 4, 1 mM EGTA, 1 mM ATP, and 0.2 mg/ml BSA. Homogenates were centrifuged at 500 g and supernatant yielded SSM. Subsequent centrifugation steps allowed for further separation and purification of the SSM. IFM were extracted through tryptic digestion (5 mg/g wet weight) for 10 min on ice. IFM were further purified through a series of centrifugation steps as previously described in detail (17, 24) . Mitochondrial protein was assessed by the Lowry method using BSA as a standard. Liver mitochondria were isolated from frozen liver tissues as previously described (14) . Tissue was thawed, minced, and homogenized with 1:10 isolation buffer containing (in mM) 220 mannitol, 70 sucrose, and 5 MOPS (pH 7.4) and centrifuged at 600 g. The pellet was resuspended in 1:5 isolation buffer and washed several times at 10,000 g to obtain purified liver mitochondria.
Protein Separation and Preparation
Mitochondrial proteins were separated using blue native (BN)-PAGE containing 4 -16% BisTris (Invitrogen). Each lane was loaded with 15 g of mitochondrial protein, and gel electrophoresis was carried out at 140V, 20A for 1.5 h in the presence of the 1ϫ Native PAGE running buffer (Fig. 1B) . Once the run was completed, the gels were stained overnight with Coomassie brilliant blue (EZBlue Gel Staining reagent; Sigma). The gels were cut into six segments corresponding to specific molecular weight proteins fractions, and proteins were extracted and processed for proteomic analyses. Extracted gel bands were reduced with dithiothreitol, alkylated with iodacetamide, and protease digested overnight at room temperature with trypsin (Promega). The tryptic peptides were extracted from polyacrylamide in two aliquots of 30 l containing 50% acetonitrile with 5% formic acid. These extracts were combined, dried, and resuspended in 1% acetic acid. Samples were analyzed by nanospray liquid chromatography-tandem mass spectrometry (LC-MS)/MS.
Proteomics-Based Analysis by Nanospray LC-MS/MS
LC-MS/MS analysis. Chromatographic separation of the protein digest was performed by an PROXEON EASY-nLC II HPLC (Thermo Scientific) with a reverse phase custom made nano-column (C18, 75 m ϫ 150 mm, 3 m; New Objective, Woburn, MA) by using a mobile phase A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile). A 140-min stepwise gradient started with 2% of mobile phase B. After 10 min of desalting, mobile phase B was linearly increased to 40% in 120 min. Mobile phase B then ramped to 80% in 5 min and then held at 80% B for 15 min. Subsequently, mobile phase B was decreased to 2% in 2 min and equilibrated for 10 min with 2% of B. Tandem mass spectra were recorded on a Thermo LTQ Orbitrap Velos (Thermo Electron, Bremen, Germany) operated in a positive ion mode using electrospray ionization. ; 20 l/g of body wt), rats had free access to drinking water containing 5% 2 H2O. Animals were euthanized at specific time points. Heart and liver were removed and mixed mitochondria isolated from liver and subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria (IFM) isolated from heart. B: proteins were isolated using blue native-PAGE (BN-PAGE) and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS)/MS.
were infused at a flow rate of 300 nl/min via the silica noncoated PicoTip emitter (FS360-75-15-N-512; New Objective) at a spray voltage of 2.5 kV. The inlet capillary temperature was maintained at 200°C. A data-dependent method was used for data acquisition. Each full MS scan using Orbitrap (high resolution FT instrument) at 60,000 resolution at m/z 400 was followed by 10 collisionally induced dissociation (CID) MS/MS scans. The dynamic exclusion option was enabled after three repeat acquisitions within a 20-s duration, and the exclusion duration was set at 180 s. The target ion values were 10 4 and 10 6 for MS/MS scans on LTQ and full MS scans on the Orbitrap, respectively.
Database searching. For the identification of proteins, the MS data were analyzed using all collisionally induced dissociation spectra collected in the experiment. Peak lists were generated using Thermo Electron Proteome Discoverer V1.3 software. We used Mascot 2.3 (Matrix Science, London, UK) database search engine for peptide identification. The data were searched against the National Center for Biotechnology Information Rattus norvegicus reference sequence database (ftp://ftp.ncbi.nih.gov/refseq/) released on December 20, 2011 containing 39,369 entries. The searches were performed using carbamidomethyl as a fixed modification of cysteine, oxidation as an optional modification of methionine, and allowing one missed cleavage. The mass tolerances for the precursor (MS1) and product ions (MS2) are 10 ppm and 1.5 Th, respectively. This narrow mass window allows avoiding an error in peptide identification based on mass fingerprinting and reduces false discovery rate. An ion score of Ͼ35 was considered as significant. The interpretation process was aided by additional searches using the program Blast (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) as needed. Proteins were identified based on at least two unique peptides with 99% confidence with false discovery rate of 1%.
Protein and peptide listing. The Orbitrap mass spectrometer generates high resolution full scan spectra for all analyzed peptides, which could be used for quantification of protein synthesis of all analyzed proteins. The currently available XCalibur software package supplied with the LTQ-Orbitrap MS does not have the capacity to process isotope ratios in a proteome scale. Therefore, to analyze the data we developed a new dedicated software, https://ispace.utmb.edu/ users/rgsadygo/Proteomics/HeavyWater. The software works with raw spectra and database search results supplied in mzML and mzIdentML file formats, respectively. It filters the protein identification results based on several metrics. One can specify the number of distinct peptides, peptide, and protein score thresholds and the number of experiments in which a peptide/protein should be consistently identified. The peptides are extracted based on the exact mass of the precursor ion with the isolation window of Ϯ 10 ppm and MS/MS spectra. All peptide identification results and related mass profiles are held in a single structure for further processing. For every peptide we generate its theoretical isotope distribution and integrated experimental peak areas for six of its isotopomers. The peak areas are computed starting at the retention time point from the peptide's tandem mass spectra. The profiles are traced forward and backward in time until the peak intensity is equal to the noise intensity. The noise intensity is determined as a median of all intensities in the Ϯ 5 Th. window of the precursor (32) .
Studies of proteins dynamics with heavy water require accurate and precise measurements of 2 H-incorporation into tryptic peptides. In contrast with comprehensive 15 N-(29), 2 H8-ICAT (37), or SILAC (7)-labelings, which result in a substantial average mass shift, 2 H2O metabolic labeling used in this study affects only mass isotope ratios. We tuned and validated the utility of Orbitrap mass spectrometer for the optimal measurement of isotopic ratios of tryptic peptides. Although Orbitrap mass spectrometers are characterized by high resolution, measurement of accurate mass measurements of analytes, isotopic ratios between the monoisotopic, and heavy isotopic peaks measured in these instruments are slightly lower than predicted. Although increased scan duration (i.e., resolution setting) enables better separations of ion chromatographs, including those with similar mass to charge ratio, larger error is observed at higher resolutions (12) . Although the lowest resolution setting of 7,500 in Orbitrap Velos mass spectrometer yields relatively lower spectral error when pure compounds are analyzed, however, it is not adequate for the accurate measurement of the isotopic ratios in a complex mixture of peptides from biological samples, especially when multiply charged ions are analyzed with frequently presented isobaric ions. Therefore, we used a resolution setting of 60,000, which allows separation of multiply charged ions and results in ϳ1-3% isotope ratio differences compared with the theoretically predicted values. We demonstrated that the spectral error at the resolution setting of 60,000 is consistent throughout 0 -98% 2 H-enrichment range when the standard peptide mixtures of synthetic [2- 2 H]alanyl-YLYEIAR and unlabeled YLYEIAR peptides were analyzed resulting in an accurate measurements of excess 2 H-enrichment. In addition, isotopic ratio measured at the resolution setting of 60,000 was not significantly different than that of at 7,500 ( Fig. 2) . Another important technological difference of our approach is the use of much smaller mass tolerance in generating ion chromatograms. Kim et al. (18) used 100 ppm mass tolerance for ion quantification. We used mass tolerance of 50 ppm. Combined with the higher mass resolution setting in our experiments, the high mass accuracy allows separation of co-eluting species (thus improves the accuracy of quantification) and potentially increases the number of analyzable species.
Time course labeling of proteins. All peptides used for quantification were unique to the specific protein and isoforms. Calculated theoretical isotope ratios, exact mass, and MS/MS spectra of unlabeled peptides were used to identify each peptide in the baseline (t ϭ 0) sample. Signals with no isobaric overlapping peaks [mass isotopomer distribution of background sample (t ϭ 0 h) differing within 3% from the theoretical values and mass accuracy within Ϯ 10 ppm] were selected. Thus our software uses theoretically predicated isotopomers distributions and exact mass to discriminate the overlapping peaks. Only peptides that were identified in all time points were used for quantification. Retention time (obtained from the corresponding scan number) and exact mass (sequence mass) with mass window of Ϯ 50 ppm were used to create reconstructed ion chromatograms for each isotopomer in all samples. The relatively larger mass to charge ratio window for isotope ratio quantification compared with isolation window of Ϯ 10 ppm for peptide identification reflects the dependence of mass accuracy on the ion intensity. Larger error in mass accuracy was observed for ions with lower intensities. Identification of a peptide was based on one elution time, normally, a high intensity point on an elution profile. Therefore, we used a narrow mass window (Ϯ 10 ppm) in identification. On the other hand, during a chromatographic elution of a peptide, lower ion intensity and thus lower mass accuracy is observed in the front and tail parts of the time-dependent distribution of an ion chromatogram. To account for larger errors for lower intensity parts of ion chromatograms, software uses a window of Ϯ 50 ppm for quantification. The peak area under each reconstructed ion chromatogram was integrated for every peptide. Only data corresponding to the unique peptides (confirmed by Blast search) with a Mascot ion score higher than 35, peptide significance with a P value Ͻ0.02, and the ion intensity of 10 5 -10 7 were selected for the kinetic analysis. Additional criteria for peptide selection included good chromatographic properties (ϳ0.5-1 min peak width) including separation from isobaric peptides, elution time ( Ϯ 0.5 min variation between runs), and chromatographic peak shape (Gaussian shape). In addition, experimentally estimated asymptotical steady-state labeling was used as another parameter for elimination of outlier peptides. For this purpose the simulated steady-state isotope ratios calculated using a mathematical algorithm were compared with the estimated values.
Calculations. The peak area under each ion chromatogram integrated by the software for unique peptides was used for calculation of molar percent enrichments (MPEs). The MPE of individual mass isotopomers (Mi), with i ϭ 0, . . . . n was calculated using the following formula: MPE of Mi ϭ A Mi/sum(AM0 ϩ AM1 ϩ, . . . ϩ AMn), where AMi represents the area under the curve for i th isotopomer.
The total labeling was calculated as total MPE ϭ 1 * M1ϩ2 * M2ϩ . . . n * Mn.
Although our approach does not require the background correction for natural enrichment, the isotopic excess (net labeling) due to 2 H-incorporation was calculated as the difference of total MPE and Trimethylsilyl-derivatized amino acids were analyzed by gas chromatography-mass spectrometry (GC-MS) in electron ionization mode with selected ions monitoring listed in the second column. Analyzed amino acid fragments contain all carbon-bound hydrogen atoms. Average number of 2 H in each amino acid is estimated as averaged ratio of amino acid and water labeling. Continued the baseline MPE calculated for a control rat: net labeling (t) ϭ total MPE (t) Ϫ total MPE (0). Because the synthesis of a protein tends to follow zero-order kinetics, the fractional synthesis rate (FSR) was determined using a one-compartment model by fitting a time course of total labeling of a peptide [E peptide (t)] to an exponential rise curve equation: Epeptide (t) ϭ Ess * (1 Ϫ e Ϫkt ). This equation allows determination of asymptotical steady-state labeling (Ess), the rate constant (k), and the half-life (t1/2 ϭ ln2/k) of a proteolytic peptide. The calculations of these parameters do not require the measurement of precursor labeling; however, it necessitates sufficient data points for the exponential fitting. The FSR and half-life of a protein were determined based on the time course labeling of multiple peptides. For this purpose, the labeling of each analyzed unique peptide at all time points was normalized for the maximum plateau labeling. In addition, to account for the differences in total body water enrichment, all data were normalized for the body water labeling of each animal. Thus aggregation of multiple peptides yields the averaged turnover curve of proteins.
Fractional synthesis rate of proteins with longer half-life (Ͼ50 day) was calculated based on the precursor:product relationship, assuming that 2 H2O is the precursor and a proteolytic peptide is the product: FSR ϭ slope of product labeling/(Ewater * N) (5), where slope is the rate of the increase in 2 H-labeling of a peptide during 2 H2O administration and Ewater is the steady state enrichment of total body water. N is the asymptotic number of deuteriums incorporated into a peptide, which is estimated by integrating the labeling of intracellular free amino acids that make up a peptide (31) .
Simulated steady-state isotope ratios for an enriched peptide were calculated based on total body water enrichment and the asymptotic number of deuterium incorporated into the peptide (N) using a mathematical algorithm (16) . This information is used as an additional parameter for elimination of outlier peptides for the kinetic calculations.
We assume that protein levels do not change in the adult rat during the 60 days 2 H2O-metabolic labeling study period and that there is a steady-state flux of all proteins. Thus at steady state the rate constant represents both the FSR and the fractional catabolic rate.
Data Presentation and Statistical Analysis
Data are shown as the excess labeling of multiple peptides in a given rat experiment. Each symbol in the figures corresponds to the value calculated based on one animal. To account for any variations in the total body water labeling between animals, the excess labeling at each time point was normalized to water labeling. A time course of the normalized 2 H-excess labeling curve was constructed for several (n ϭ 2-15) unique peptides of each protein. The labeling curve for different individual peptide fragments of a protein varies in absolute terms depending on the amino acid composition because of differential 2 H-incorporation into individual amino acids. However, all peptides have similar rate of 2 H-incorporation, reflecting the rate of synthesis of the protein from which they are derived. Aggregation of a peptide's relative 2 H-excess into protein curves involves the normalization of peptide labeling at each time point to the plateau labeling, averaging and fitting into the exponential rise curve. Error bars in these curves represent standard errors based on all normalized peptides labeling. When the half-lives of cardiac mitochondrial proteins were compared based on inter-organelle location and function, error bars represent standard error from averaged half-lives in each group. The regression coefficient (R 2 ) of the time-dependent peptide labeling was used to assess goodness of exponential curve fitting. Peptides with R 2 value of less than 0.95 were excluded from data analysis. In addition, outlier peptides were excluded from the analysis based on the coefficient of variation, of rate constant higher than 30%. Coefficient of variation was calculated as the ratio of standard deviation obtained from regression analysis of exponential curve fitting over the rate constant.
The statistical significance of differences between the rate constants of the same protein from different tissues (heart vs. liver) and distinct mitochondrial populations (IFM vs. SSM) were tested using a paired Student's t-test. A one-way ANOVA was used to identify differences between proteins with different functions and proteins from different mitochondrial subcompartments (inner membrane, outer membrane, and matrix). A P value Ͻ0.05 was considered statistically significant.
RESULTS

H-Labeling of Plasma Water and Myocardial Amino Acids
To ensure the validity of the method, it is critical to demonstrate steady state labeling of body water and the myocardial amino acid pool over the time course of the study period. We previously demonstrated that a bolus of 2 H 2 O rapidly equilibrates with the body water and intracellular amino acids in liver within 30 min (21). Here we found that stable enrichment of 2 H 2 O in plasma over 60 days after an intraperitoneal loading bolus with free access to drinking water enriched with 2 H 2 O (5%), with steady state body water labeling of ϳ3.2% (data not shown). The 2 H from water equilibrated with the carbon-bound hydrogen of amino acids in a heterogeneous manner but remained in a steady-state throughout the 60-day labeling experiment (Table 1 ). All non-essential amino acids were extensively labeled, with the exception of asparagine and tyrosine, which incorporated less than one 2 H. Higher labeling (ϳ7-13%) was observed in alanine, glutamate, glutamine, and aspartate. Glycine and serine, which have fewer exchangeable C-H sites, were enriched at ϳ4% to 5%. Relatively higher labeling was observed in the essential amino acids, histidine and methionine, which can acquire additional 2 H during other metabolic processes.
The extent of labeling of amino acids is determined by the theoretical number of exchangeable C-H sites and their bio- For each amino acid the estimated number of exchanged H atoms is in agreement with the precursor-product relationship. For example, although glutamine and glutamate both have five exchangeable C-H sites, the estimated number of exchangeable H atoms (N ϭ 3.7) in glutamine is less than that of its precursor glutamate (N ϭ 4.2). Also conditionally essential tyrosine incorporates fewer 2 H (N ϭ 0.5) than its endogenous precursor phenylalanine (N ϭ 0.9). Due to unequal equilibration on different positions of amino acids with water, the measured 2 H-labeling of all amino acids is lower than the theoretically expected maximum number of exchangeable carbon bound H atoms. Taken together, stable 2 H 2 O and 2 H-amino acid enrichments were demonstrated over the duration of the study.
Peptide Identification and Mass Isotopomer Quantification
The software generated protein and peptide list at all time points. In addition to peptide selection based on exact mass and retention time, the software also filters unlabeled peptides (t ϭ 0) based on the theoretical isotope ratios, calculated by the software. Additional peptide filtering criteria are based on peptide score (Ͼ35), signal intensity (Ͼ10 5 ) , and presence of a peptide at all time points of 2 H-labeling. The later criterion is needed to obtain sufficient data points for the exponential fitting. Although this filtering strategy reduces the number of analyzable proteins and peptides, it greatly improves the data quality. After such conservative selection steps 97 and 101 proteins from IFM and SSM (Supplemental Tables S1 and S2) , respectively, were found to be present in six native gel bands at all time points, with 77 of these proteins common to both SSM and IFM fractions ( Fig. 3; Table 2 ). The same strategy in liver mitochondria yielded 146 proteins analyzed in six native gel bands. Most of these proteins, i.e., 101, were present at all time points (Fig. 3) . All processed data, including the short lists of hepatic mitochondrial proteins and proteolytic peptides 2ϩ from SSM fraction. During 2 H2O-labeling the intensity of heavy isotopomers increases relative to monoisotopic peak (M0). Note that after 20 days M1 declines due to extensive labeling of heavier isotopomers M2-M6.
derived from cardiac and hepatic mitochondrial proteins present at all time points, are presented in the supplemental material (Supplemental Tables S1-S4) .
The time course labeling of tryptic peptides was used to assess the kinetics of mitochondrial proteins. Because the proteolysis of a protein generates equimolar amount of a unique peptide, the calculated synthesis rate of a peptide corresponds to the synthesis rate its protein of origin. Our software allows high throughput analysis and quantification of 2 H-labeling of all analyzed peptides. However, contribution of minor overlapping peaks from different sources, including the deamidated peptides, is a concern, since unresolved peaks may compromise the accuracy of the kinetic measurements (9) . Recently, Kim et al. (18) used a regression coefficient cut off of 0.7 for nonlinear curve fitting of mass isotopomers to improve accuracy and precision in the measurements of fractional synthesis of proteins. Our initial examination of a large data set revealed that contaminating signals interfering with the analyzed peptide may contribute to generation of inaccurate rate constant values even with the perfect regression coefficient (R 2 ) for curve fitting (Fig. 4) . This is not surprising, because the regression coefficient reflects goodness of exponential curve fitting and it is not related to isotope ratio analysis, a critical step in rate constant measurement. Our rationale for the selection of peptides for calculation of the rate constant of proteins' synthesis is illustrated in Fig. 4 . The curve-fitting of six different unique peptides from ATP synthase, H ϩ transporting, mitochondrial complex, ␤-subunit, all fit excellent fit as seen in R 2 values Ͼ 0.95. On the other hand, one of the six peptides (peptide VI, VALVYGQMoNEPPGAR) is clearly an outlier in terms of the calculated t 1/2 , despite having an R 2 ϭ 0.99, as it generated the highest coefficient of variation (ϳ42%). Therefore, the peptide VI was excluded from the analyses, and the kinetic data were calculated based on aggregation of five other peptides with lower coefficients of variation (1-19%) . Thus this example demonstrates that one cannot necessarily rely on curve fitting for calculation of protein's rate constant and half-life. To resolve and/or minimize the overlapping peaks and improve accuracy of isotope ratio analyses, we used more than a 2-h shallow nano-flow chromatography gradient. In addition, coefficient variation of Ͻ30% and R 2 of Ͼ95% of the exponential curve fitting of first order kinetics were used to obtain accurate rate constants. Our goal was to measure and compare the synthesis rates of proteins specific to the spatially distinct mitochondria populations. Therefore, we focused on a relatively limited number of proteins that were selected based on these rigorous filtering criteria.
Protein Kinetics in Cardiac Mitochondrial Subpopulations
There was progressive incorporation of 2 H due to protein synthesis over 60 days of treatment with 2 H 2 O, as seen in the high resolution spectra of doubly charged AVAQGNLSSAD-VQAAK peptide from cytochrome b-c1 complex subunit 2 in heart SSM fraction illustrated in Fig. 5 . The isotopic distribution of the peptide signal on day 0 represents the baseline natural enrichment. M0 is the monoisotopic peak composed of most abundant isotopes ( 12 C, 1 H, 14 N, 16 O). Different combinations of heavy isotopes of these elements yield additional mass isotopomer peaks represented by M1, M2, M3, and M4. According to the elemental composition and probability of isotopes distributions, M1 isotopomer in the baseline sample is ϳ80% of M0, the monoisotopic peak. The progressive incorporation of deuterium from 2 H-labeled amino acids on day 3 results in a decrease in M0 and an increase in the heavy isotopomers M1, M2, M3, and M4 and appearance of new heavier M5 and M6 isotopomers toward to the end of the labeling experiment. At days 40 and 60, the increase of M1 declines due to extensive redistribution of 2 H among M2, M3, M4, M5, and M6 isotopomers (Fig. 5 ). Although the time course changes in each isotopomer can be used to calculate protein synthesis (18, 30) , here we used the changes in the net labeling of a peptide because this increases the precision and accuracy of the calculated synthesis rate of the parent protein. The net labeling reflects the baseline corrected MPE and is a function of the total body water enrichment and the average number of deuterium atoms incorporated per molecule of the peptide. Thus it reflects the total 2 H transfer from 2 H 2 O to a peptide (20) . At steady-state plateau, the net label incorporation is the product of the precursor ( 2 H 2 O in body water) labeling and the asymptotic number of deuterium atoms in a newly synthesized peptide. Utilization of net labeling is particularly important when one calculates the FSR using equation (5) for proteins with longer half-lives, since it does not require steady-state labeling. With the use of the net labeling approach and zero-order kinetics, the time course of total labeling obtained from duplicate rats at each time point displays minor variation and yields very similar rate constants for ATP synthase subunit ␣ from IFM (Fig. 6) , indicating high biological reproducibility of this technique.
The normalized labeling for seven individual peptide fragments of ATP synthase F1 ␤ from SSM varied in absolute terms, depending on the amino acid composition (Fig. 7A ), but all peptides had a similar half-life (ϳ30 days) and turnover rate (ϳ2.4%/day). This is because the rate of synthesis of a protein depends on rate of incorporation of 2 H but not the magnitude of 2 H-labeling. The latter depends on number of exchangeable H atoms (Table 1) .
Therefore, all analyzed peptides were aggregated to generate an averaged kinetic parameter (Fig. 7B ). This step improves the accuracy of the kinetic analysis as expressed in smaller coefficient of variation of K and t 1/2 values. Similar analysis of five peptide fragments of the same protein (ATP synthase F1 ␤) from IFM gave a relatively longer half-life of 34 days (2.1%/day) (Fig. 7, C and D) . Analysis of 28 proteins from SSM and IFM subpopulations revealed that the average half-life for protein synthesis in IFM was ϳ15% longer than in SSM (P ϭ 0.001), indicating a lower synthesis rates (Table 3 and Fig. 8A ). The half-lives of proteins from SSM and IFM were highly correlated (R 2 ϭ 0.84; P Ͻ 0.0001), with the line of best fit shifted slightly upward (Fig.  8B) .
When proteins were divided by location within the mitochondria, there was a significantly longer half-life for SSM than IFM for matrix and inner membrane proteins but not for outer membrane proteins (Fig. 8C) . Inner membrane-associated proteins tended to have longer half-lives compared with both outer-membrane proteins; however, the difference was not statistically significant (Fig. 8C) . The faster synthesis rate for SSM than IFM was still evident when inner membrane proteins were classified as being either part of the electron transport chain or the ATP generating system (the F1-F0 ATPase) (Fig. 8D) .
Large enzyme complexes (complexes I-V) of oxidative phosphorylation are associated with the inner mitochondrial membrane. Among oxidative phosphorylation cardiac proteins ATP synthases had significantly longer half-lives (ϳ40 days) than that of electron transport chain proteins (ϳ25 days) ( Table  3) . Proteins of fatty acid oxidation and citric acid cycle (t 1/2 ϭ 27 days) also had relatively lower half-lives compared with ATP synthases. In contrast with the proteins involved in energy metabolism, the mitochondrial stress protein-70 had a much faster synthesis rate (t 1/2 of 9.7 days [7.2%/day in IFM]), suggesting that even in the unstressed rat, mitochondrial proteins involved in stress responses may have a faster synthesis (Fig. 9) . A similarly rapid synthesis rate was observed for aldehyde dehydrogenase (9.8 days in SSM and 7.9 in IFM) ( Table 3) .
In addition to proteins encoded by nuclear DNA, we also assessed the synthesis rates of proteins encoded by mitochondrial DNA, i.e., cytochrome c oxidase subunit II (COX2) and ATP synthase F0 subunit 8 (ATP8). Several peptides were analyzed and gave an average half-life of ϳ42 and ϳ45 days for COX2 and ATP8, respectively, indicating that in the normal rat heart the rate of synthesis of nuclear and mtDNA encoded proteins is similar (Table 3) .
Analysis of mixed mitochondrial proteins in rat liver from the same animals revealed that all proteins have a t 1/2 of 3-5 days ( Fig. 10 and Table 4 ). Thus the rate of synthesis of cardiac mitochondrial proteins is ϳ1/6 of the rate of values in the liver.
DISCUSSION
Mitochondrial dysfunction plays a key role in cardiac dysfunction in ischemic heart disease, inherited cardiomyopathies, and advanced heart failure. Mitochondrial proteome analysis in myocardium is complex in that some of the mitochondrial proteins are encoded by mitochondrial DNA, and proteins are localized in different suborganelle compartments such as the matrix or on the inner or outer mitochondrial membrane. Furthermore, there are two spatially and functionally different mitochondrial populations, SSM and IFM. Traditional proteomics has provided a major advance in characterization and measurements of relative amounts of the cardiac mitochondrial proteome; however, it provides only static data on protein levels, which reflect the net balance between protein synthesis and degradation. Recent advances in stable isotopic tracer methods and peptide analysis by LC-MS/MS enables measurement of protein synthesis using 2 H 2 O to labeled precursor amino acids and assessment of isotopically enriched protein products in vivo. In the present investigation we refined this approach using a novel algorithm and rigorous selection criteria to improve the accuracy and precision of the calculation of synthesis rates and used it to compare the synthesis rates in SSM and IFM in the adult rat heart. We found that administration of 2 H 2 O resulted in stable 2 H-enrichment in plasma water and that myocardial amino acid pool, which allowed us to measure the synthesis rates for cardiac proteins in subcellular compartments in vivo. Analysis of subcellular compartments of mitochondria reveal slower protein synthesis in mi- tochondria located among the myofibrils than in the subsarcolemmal region.
Although there is great interest in understanding cardiac mitochondrial biogenesis, quantifying this parameter has been difficult. Cardiac mitochondria membrane phospholipid fatty acids in rats have a relatively short t 1/2 of 3-5 days (34), whereas mitochondrial DNA has an extremely long t 1/2 (ϳ250 days) (29) . Here we found that the average t 1/2 for mitochondrial proteins is ϳ30 days. This suggests that mitochondrial DNA is relatively preserved, whereas there is an accelerated turnover of membrane phospholipid fatty acyl groups and proteins. Early studies that assessed bulk protein degradation after a bolus injection of 3 H-leucine found a t 1/2 of 17 days for cardiac SSM and 9 days for liver mitochondria (22) ; however, this method does not allow evaluation of individual proteins. More recently, Kim et al. (18) used the 2 H 2 O method with LC MS/MS analysis to assess the synthesis rate of SSM proteins in the whole mouse heart and found the average t 1/2 to be 17 days. This is approximately twice what we observed and is likely due to the higher metabolic rate in mice than rats, and perhaps to differences the chambers of the heart, since we studied only the left ventricle. In any case, the synthesis rates we observed are in line with previous values and suggest a relatively slow rate of turnover for mitochondrial proteins relative to mitochondrial membrane phospholipids. This suggests that if there is rapid mitochondrial fission and fusion in cardiomyocytes, mitochondrial proteins are largely conserved in the process.
The slower rate of synthesis of proteins in the IFM relative to SSM provides further support for structural and functional differences between the two spatially distinct subpopulations in cardiomyocytes. Previous studies found that IFM have a greater maximal rate of respiration and are more resistant to stress-induced mitochondrial permeability transition than are SSM (26) . It has been demonstrated that cardiac mitochondrial dysfunction in heart failure (15), diabetes (3, 8) , aging (13) , and aldosterone-induced hypertension (2) are associated with alterations in distinct mitochondrial subpopulations. Here we show a highly significantly 15% faster rate of synthesis in mitochondrial located in the perimeter of the cardiomyocyte compared with those packed between the fibrils in the interior of the cell. Future studies can now apply this method to determine whether altered synthesis rates for mitochondrial proteins contribute to development of mitochondrial dysfunction under pathological conditions. As a proof of concept, we applied our 2 H 2 O-metabolic labeling approach with high resolution mass spectrometry and novel software to assess the turnover rates of individual proteins in heart and liver, two organs with expected distinct mitochondrial proteome turnover. The liver is metabolically active organ with active cell turnover and a high mitochondrial content. Early studies that used radioactive tracer and bulk analyses of mitochondrial proteins in the heart and the liver demonstrated that hepatic mitochondrial proteins have much faster turnover than cardiac mitochondrial proteins (22) . Consistent with previous studies, the turnover of individual proteins of hepatic mitochondria was faster than cardiac mitochondrial proteins. Future studies should extend this approach to assess the rate of synthesis of mitochondrial proteins in skeletal muscle, as well as other mitochondrial dense tissues such as brain and kidney.
In summary, we present a robust method to assess the rate of synthesis of individual cardiac proteins using heavy water and protein analysis by MS/MS coupled with rigorous criteria for inclusion of each specific peptide and novel software. Assessment of plasma water and myocardial amino acid enrichment with 2 H demonstrated stable incorporation of tracer into the precursor pool. Analysis of the two spatially distinct mitochondrial subpopulations revealed a faster rate of protein synthesis in SSM than in IFM. Thus, with the use of this refined analytical and computational method coupled with cell fractionation one can measure synthesis rates for cardiac proteins in subcellular compartments in vivo, providing an important new tool to evaluate the dynamics of the cardiac proteome in health and disease.
